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ADVANCE RESTRICTED REPORT

GEEERAL RESISTANCE TESTS ON FLYING-BOAT HULL MODELS

By ¥, ¥, 5, Locke, Jr,
SUMMARY

Thls report re—examines known procedures for handling
"general® resistance testing on flying—boat hull models,
with particular referenco to saving testing time and to
improving the usefulness of results to the designer.

It 1s concluded that the followling relationships
for collapsing the data from generel reslistance tests
will provide satisfactory accuracy for all loads within
practlicable limits end that thelr use permits a consider—
able reduction in the number of tests required, besides
presenting the results in a simple form for ready use:

1. For the displecement range of spoeds, using

free—tc--trlm tests with the longltudilnal

center of gravity locased to provide proper
trim in the planing range,

GR Cva
23/3 a=—d> 1/3)

P, For the planing range of speeds, using fixed—trim
tests and making trim angle a paramster,

Jop/oy = & (Voa/ey))

Figure 8 shows the application of these relation—

ships to a large number of resistance tests made at thd Stevens

Bxperimental Towlng Tank over a perlod of time on varilous
models of the XPB2M—1 flying boat. TFigure 8a shows .
satisfactory correlation of the data for the displace~~
ment range except in one reglon. However, in this region
the pronounced effect of dlsplacement is of conslderable
importance to the designer and is forcibly called to his
attention. ¥Tigure 8b shows contoure for the planing

range of VGR/GV (cross—plotted from an auxiliary chart
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not shown) lald onto a grid of trim angle against «/Cp/0y.

This flgure shows porpolsing and moment characteristics,
a8 well as resistance characteristics, and thus presents
a comprehensive plcture of the performance of the hull

in the planing range. The relation of a sample ¥specifich
resistance curve to thils flgure 1s illustrated by the
auxiliary chart (fig. 7).

It 1s believed that charts of these types are in—
herently more useful to the designer than the multiplicity
of charts ordinarily employed in reporting general re—
sistance tests., By Judiclous selection of test points,
they can Ve prepared in much less %t ime.

INTRODUCTION

Tank tests of flying—boat hull models, .for whatever
purpose, &aro necessarlly carried out by one of two
methods, the "specific!" or-the "general' method,

The "specific® method of teeting is the nmore common
and usually the quicker t6- perform. Under this method
the wator—~borne load is msde to correspond to a particu—
lar function of the spesd, or possidly of both the spesd
and the trim angle. It 1s frequeatly found, Lowever,
that speciflc tank tests are not directly applicable even
to the actual flying boat for which they were originally
intcnded, hecause of subsequont modifications to the
aerodynanic structure or to the zross welght, wkich alter
the relation of water—borne load to speed. Further,
specific tests of older designs, which might otherwise be
usoful in the prelininary stages of a new design, may be
found t0 be inanplicable becausc they were made under
loading conditions differing from those imposed by the
new design,

" Tho "gonerel" method of tank testing effectively
avoids thcese limitatione of the spocific mnetiaond by ex—
tendlng the tests to covor wido ranges of combinatlons
of spocd, load, and trim, The resulte are ordinarily
prosented in an appropriate sories of charts from which
the deslignor can select the information neaded.:. ThB..
only objoctions to this method are: (1) that it .is time—
consuming, both for the tosting establishment, in getting
sufficlently complete data to cover mll the combinations



of conditions wvhich might be required, and for tho
doslgnor, in deducing answers from the large asccumulag—-
tion of data, and (2) that the multiplicilty of charts
which must necessarily be consulted complicates con—
siderably the problem of establishing the relative merits
of different desligns for a partliculer purpose. These
are important odbjections, however, especially under the
stress of war, when time counts heavily.

Vhat 18 needed is a simplification of the general
method. vhich wlll save time for both the testing estab—
lishment and the designer and yet give wholly adequate
informetion., A simplification of the sort required has
recently been worked out for porpoising data. (See ref—
erences 1 and 2.) Here the stability—limit curves for
a glven hull, obtalned from elther specific or general
tests under varlous combinations of loesding conditions
and speed, are collapsed to form a single curve for each
of the linits (upper and lower). Parallsl simplifica—
tions for resistance data have, 1n fact, been avallable
for some years. It is pointed out in references 3, 4,
and 5, for instance, that the data from general reslst—
ance tests can be condensed into fewer charts than are
ordinarily employed. The suggested procedures have not
been widely used, however, posslbly because of a feeling
that they are good only for first approximations,.

A primary purpose of this report is to show, by ap—
plying them to actual test data, that certain of these
procedures are good for very much more than first ap—
proximetions and that they can bde used with confidence,
apart from all questions of time—saving. Thelr great
advantage, as in most cases where data are collapsed in-—
to composite. curves, is their abllity to bring out clear
distinctions between accldental and systematlic departures
from the composite curves., This is vividly illustrated
in the chart for the diesplacement range of the XPB2M-1
(fig. 84), vhere the discontinuities focus attention on'a
point of interest which might easily have been over—
looked in plots of the ordinary sort.

It is shown in this report, in particular, that
for most practical purposes the results of general re—
sistance tests can be condensed into two charts, one
for freo—to~trim resistances and trim anglees in the
displacement range of specds, the other for reslstances
in the planing range of speeds. The latter chart is



given the same form as the chart employed in references
1l and 2 for presenting the results of general porpolsing
teéts; it can therefore be used to show,in addltion to
the resistance characteristics, the dynamic stadbility
and the moment characteristices of the hull in the plan—
ing range.

Only a few special tests were made for this report.
Published date, or tests already on hand, were used for
most of the analyses,

Thls 1nvestigatlon, conducted at the Stevens Institute
of Technology, wae sponsored by, and conducted with fi-
nanclal assistance from, the FNational Advisory Committee
for Aeronautics.

ANALYS IS

In starting from rest and taking off the water, the
hull of a flylng Poat peassec through two more or less
distinct specd ranges, These are the displ-~cement range,
covering roughly the lower Lalf of the comprertie tpeed
range to takxe--off, and ihe pilaninx raznge, coverirg the
upner helf, It i necessary to ccasidoer the two rangss
separately; actuanlly, cf course, they merge smoothly from
ons to the other.

(2) Displacement Range

In the dlsplacoment range, resistancse arises mainly
from skin friction and wave-saking. Hunce the oriinary
reiatloacrhip used for handlizg surfac>-veseel rosistaaces
woild be expected T2 arrly whore geonoiric similarity
exists, This, in noa-dimensional forn, 1is

R v2® e
o 2 =0 s (1)
o v gl v

wvhore
R reristance

P mess Genstty
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v Einematic viscosity
&

functlon
and
ve
—_— Froude number
g\
vA
> Reynolds number
A llnear dlmension, not yet specified, which defines

size

But it is common practice in dealing with flying-boat
hulls to disregard the variation of the skin friction
coefflclent with the Reynolds number; no very new as—
sunnptlon is therefore iavolved when equation (1) 1s sim—
plified by omitting the Reynolds number, makihg 1t

—2 wf"—) (2)

A2 p/2 v3 \er

Bquation (2) may be presumed satisfactory, then, for
collapsing the data for geometrically similar flylng—
boat hulle under simnilar loading. And this will be
equelly true whntever linear dimension is selected for A.

The usefulness of a relationship for the purpose in
hand devends, however, not upon 1its succéss in collapsing
the data for geometrically similar cases of differing
size (vhich ie oniy the first requirement), dbut upon its
success 1n collapsing the data for cases which are not
geonetricelly similer. Perring showed, in reference 3,
that in one instance the same relationshlp served this
broader nurpose quite well, provided (Vol:gl was used
for ..A, meking

R _ / v3 \
(vo1)3/® p/2 v*u6 \g (701)1’3/ ()




where

(vol) submerged volume corresﬁonding to the water—
borne load: namely; A/w

A wat er—borne load
and
v “specific weight of water

or, substituting the usual NACA coefficients,

Cr oy ”®
B/3 Cp? - € (cAl/s) (4)

The transformation from equation (3) to equation
i¢4) is given here in 1its entirety to avoid any
possible question regarding the use of "beanm" as
& factor. It will be seen that this factor ap—
pears only as an arbitrary reference length to
define goefficiente; it is not used to define

8lgo.
By definition,

Ca

c_ E
R = —vx
w b
A
O = 37
c_ v
Y jz-i
(Vol) = —%—

wvhere b 1is the beoam, wvhence
R =wbd Op
v2 =g b Oy®

3
(Fo1) = X204 _ 3 g,



Substituting the latter expressions in eque—
tion (3), .it is seen that

v b GR - ¢ (E b ) nv.a
¥ 0,*%p/2 ¢ b Op® g b cp*"
which re&ucal to
Or ( Oy® )
=0 4
°A=7f c.’.' °A1/5 (4)

Departures from geometric similarity may be intro—
duced bDy ochanging any of the three variables

-1, Hull form
2. Tater—borne load
3. Trim

and there is no particular reason for assuming, & prioril,
that any one of the three is mnecessarily more slgnifi-—
cant than any other. EHowever, since comparisons willl
ordinarily be desired between different hull forms, at—
tention may usually be concentrated on the other two
variables,. '

The charts comprising figure 2 show, accordingly,
the application of equation (4) to a series of low—speed
reslstance tests on a2 particular model, representing
the Sikorsky 5~40 flying—boat hull. The tests were
made by the NAOA and are reported in reference 6.

Three of the charts show the results for various loads
at three different values of fixed trim (making load
the only variable), while the fourth chart shows the
mean lines from the other three.. It will be seen
that, for the ranges covered, the effects of load vari-
ation have been quite successfully collapsed into a
single curve and the effects of trim variatioh a little
less successfully collapsed. But this apparent differ—
ence in the relative success with which load and trim
variatlons are collapsed 1s of less significance than
1t nay appear at first sight. Whille .the range of load



variation covered is an entirely reasonable one, the
range of trim variation, from B° to 99, is unreasonably
large vhen applied to all speeds within the displace—
ment range. This trim range, while easily obtained in
model tests by fixing trims, would involve such large
applied moments that 1ts occurrence in full size would
be most unlikely ~ particularly since the longitudinal
position of the center of gravity, which is the most
powerful factor affecting the resultant applied moment
at.displacement speeds, must ordinarily be fixed within
relatively narrow limits by considerations of trim in
the planing range.

The upper chart of figure 8 shows results for
gnother model, representing the XPB2M—1 flying doat, de—
duced from tests made at the Experimental Towing Tank
and for this report. In this case, however, free—tfo—
trim data, instead of fixyed—trim data,were used, and the

longitudinal poslition of the center of gravity was
reasonably suitable from the point o:t’ view of trim in the- plan—
ing range. It will be seen that, rt from a reglon

in the middle of the range (cva/cAl = 5,0 to 8.0),

where large discrepanclies ocgcur, the data are very
successfully collapesed imto & eingle curve, This middle
range was mentioned under Summary and is shown later

to mark a very pronounced variation in performance with
varlation in loading; hence the fact that the chart

causes 1t to stand out vividly will be seen to =2dd $o:rmther
than detract from an estimate of the velue of the re—
lationship under consideration,

It may be concluded, then, that the relatioanship
expressed by equation (45 in combination with free—to—
trim data taken with a suitable longitudinal position of
the center of gravity, is a useful means of condensing
the results of general resistance tests in the range of
dlsplacement speeds.

(b) Planing Range

It would be expected that, as the speed increases
beyond the displacement range and true planing begins,
the Frouds number would become less and less important.
Thus the basic relationship
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—E .o _L) (2)
_ e - A% p/2 v® . \er

would be expected to glvo way to the simpler relatlon—
ship

R
A8 p/2 v3

=X (5)

in cases of geometric similarity, and apart from the
definition of A.

That this expection 18 borme out by the facts is
shown in figure 1l,which is actually one of the charts
of figure 2 extended into the planing range. Here the
horizontal line for any one load indicates that

°R has b tndependent ot —
a8 ecome naependaen o
Ca?7® oy? P Tal/s
R

which means that hgs become independent

(Vol)als pfa v3

of the I'roude number, But this chart indicates, in ad—
ditlion, that even with the trim angle flxed, the eox—
pression

R
(Vol)a/a p/2 v®

=K (6)

which is related to equation (5) in the same way that
equation (3) is related to equation (2), does not com—
pletely collapse the data for varlations of load, Thus

1t 1s clear that a simple extension of the displacement—
range relationship will not suffice for the planing range.

The displacement—range relationship fails in the
planing range primarily because the definitlon

(Vol) = A/w

which is the foundation of equation (3), no longer holds
wvhen, in the planing range, dynamic lifting force predominates.
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. A simple basic relationship foer the planing range is

R = ¥(a) (7)
ori,ih non—dimensional form
R A
- = Lo} (8)
A" p/2 v® A° p/2 v2

where A 18, as before, the water—borne load cnd the
definition of N is immaterial,cor again substituting
the usual NACA coefficients,

—c‘:’r—nfd:(:v?a) (9)
‘/c—i—iw(*/c—%) ()]

Tie transformation from equation (8) to (92) corre—
sponds to the transformation from equation (3) to (4).

References 3, 4, 6, and 7, show that this baslc re—
lationshlip, in one form or another, has been used with
good success 1n the past for collapsing resistance data
in the plaening range. The relationshilip 1s here tested
by applying it to fixed—trim data in the planing range,
for one of the models consildered 1r the dlsplacement—
range analysis above,

The Sikorsky S—40 nodel (data from reference 6).
(See figs. 3 and 4.)

and to similar date for

A simple V-bottom planing surface (data from refer—
ence 8) (See figs. 5 and.6.)

The square root form, equation (9)' 18 used for plotting,
and the scale of abscissas 1s started from the right.
Thie 1s consilstent with the pracedure adopted in refer—
ences 1 and 2 for porpoising dataj; it avoide some dis—
tortion of the curves and puts the take—off (JCZi/Cy = 0)
s8Lethecvight of the sheet.
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It will be seen that 1in all cases the data for
filxed valuee of trin are very satisfactorlly collapsed.
There 18 some varlatlion between the mean curvese for the
various trim angles of each nodel, but as trin control
is ordinarily avalladble in the planing range (through
the elevators), there is no purpose in attempting to
to snooth out its effects. Instead, contours of +/Cp/Cy

have been drawn from the nean curves for flxed trims, on
a grld of trim angle against JEA/Gv, naking a sheet of

exactly the sane form suggested in references 1 and 2
for porpoising data, :

An additional test . of the relationshlp is given
in figure 9, which shows the results at one value of trinm
for

NACA Hodel)No. 11 (da%a fron reference 9) (See
fig. 9.

This case 18 included to illustrate that the relationship
wlll bring out a discontinulty clearly, end that 1t will
successfully collapse planing~range data even under such
an extrene condition as transferring the entire load to
the afterbody.

It nay be concluded, then, that the relationship
expressed by equation (95'15 a satisfactory neans of

condensing the resulfts of general reslstance tests at
fixed trins, in the range of planing speeds.

The lower chart of figure 8 shows the contours of
A/CE/Cy for the XPB2m—1, prepared from unpublished data
gathered at Stevens Instltute for The Glenn L, Martin
Company, together with the stablillty limits and the mo-
ment data from referencs 2,

DISCUSSION

As previously described, the two charts of fligure 8
suffice to show all the general resigtance data for the
particular hull to which they refer, as well as stadbllit;
linites and moment data in the planing range, The form
of plotting of these charts may be more or less unfamil-
iar, making it difficult to visualize thelr relatlon to
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more conventlional forms of prasentation. In an attemvt
to remedy this, flgure 7 has bdeen prepar=d. It shows =a
"specific" resistance curve of the ordinary sort, as de-
duced from the charts of figure 8 for the loading curve
(ard trim track in the planing range) indicated, which
correspond to the normal particulars of the XPB2M-1.
Circled numbers, corresponding with circled numbers 1in
figure 8, serve to indicate the connection between the
two forms of plotting.

The need for two different relationships, for the
two speed ranges, is naturally an inconvenience. It
should be especially noted, however, that this need
arises, not through any loss of amsccuracy when the rela-
tlionship for one sneced range lg carried over into the
other, but silmply because the test data are no longer
successfully collansed. Thus nothing more serious than
inconvenlence cen result. The need avpemrs to be in-
evitadle; 4t is attridbutable, as previously noted, to
the basically different ways in which the water-borne
load 1s supported in the two sveed ranges. This 1s.
1l1lustrated in the following sketches.

In the displacement ranze, support
is by buoyant forces.

(Wgt.) - (Wing 11ft)

TRA o (Vol)

In the planing range, support is
by dynamic forces.

(Vgt.) - (Wing 1ifs)
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Referring to the planing—range relationship: VWith
fixed trim, a constant valus ¢f tho ¥lift coefficient!

N , or JGA/CG--'apait from the values of the - —
A2 p/2 v ’

individual factors, would be expected to result in a
constant geometric shape. Hence the evidence of all of
the pleaning—range charis here presented, that 1t results
also in a constant value of the resistance coefficlent

-———Ji————, or ~/Cr/Cy (which implies a constant flow
A2 p/2 v®

pattern), is not very purprising.

Referring to the displacement—range relationshilp:

va

e (701)1/3

bn the other hand, either with or without fixed trim,
does not in any sense imply a constant geometrlc shaps.
Hoence the evidence of the dlsplacement—range charts
here presented, that the resistance coefficient

2 1/3
s or Oy /OA )

A constant Froude number

I S ;£ - ER. -.is. in éeﬁsral a
2 ' —E75 3
(v°1)g/a p/a v3 GAB 3 cval ? ’

function of the ¥roude rumbor primarily, 158 less easily
expleined. In fazi, the only possible explanation is
that tihie variatio:: from a single geomotric shape intro—
duced with veriaticns of load (or trim) are not large
enough to affect srprecladbly the resistance characteristles. ..
If actual hulls hai the simple "wedge! form indicated in
the forogoing skeiches, there would, of courso, be no
change of shape with load variation and only moderetoe
changes of shape with normal triz= variastion. The wedge
form is obviously a rezsonably good ropresentatlon of .
most actual hulls for the plaring ranga, It is a much
less obvious choice for the displacement range, bdut
Porring used it as a working hypothesis in developing
squation (3) for this range (reference 3), and the suec—
coes of the dlisplacsrent—range correlations presented

in this renort tend ton confirm 1ts general roliability
for ropresonting actusl hulls, '

There nwvidently must be limite, howover, boyornd
which the displacemosni--range relationshilp will no longer
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collapse data — beyond which the variations from a
geingle geometric shape have become karge. With suffi-
clent load, for lnstance, the bow will plow heavily in
the displacement range, or even dive, -The relationship
may brealr down, too, under less extireme conditions —

the middle region on the dlsplacement—range chart for
the XPBRii~1, in figure 8a, belng a case in point. Here
the discontinultles were obhserved to originate wlth wet~—
ting of the tall cone and of the afterbody sldes near
the sternpost, which resulted in discernible differences
in the flov pettern with variation of load and corre-—
eponding differences in the resistance coefflclent, This,
however, 18 precisely the informatlion which needs to be
brought to light for the hull in question. Ixecept in
this one region, the resistance data are satisfactorily
collapsed, indicatlng consistent performance of the hull
throughout the range of loads investigated; within this
one reglon, better performance is obtained with lighter
loads. The additlonal i1nformatlon can be deduced, alseo,
that nost of the penalty within the region is incurred
in ralsing the load to about OCp = 0.90 &and thet very

little extra menalty is iacurred with further increase
of load.

The abillty of the charts to bring out such charac—
teristics as this is a very important advantage to be
gained by condeneing the deta. From this point of view,
fallure to collapse completely the data for a given hull
is looked upon, not as a weakness of the relationship,
but, in truer perspective, as an 1ndication that a sig—
nificant varlation of shape or flow pattern has occurred.
The planing—~range relationship here proposed is as suc—
cessful in this respect as the displacement—range rela—
tionship; o variation caused by lncrease of load will bde
shown, for instance, by an up—sweep of the curve of

~/Cp/Cy against ~Cp/Cy as high values of +C,p/Cy are
approached.

In apnraising this advanbtage, however, the bdasilc
purpose of condensing the data should not be lost sight
of: nanmely, that the testing time can be reduced and
the results made more readily useful to the dsesigner.

The advantage Just described 1s essentlially an extension
of this baslc purpose, Care must be taken, too, to avoid
attaching importance to indicated variations which are,
in fact, caused only by the relationship in question
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having been pushed t0o far in the directlon of the op—
posite speed range. Such variations may be encountered

at the upper end of curves for the displacement—range
relationship or at the lower end of curves for the planing-
range relatlionshlip, as indicated on various of the charts.
They are otherwlse of minor importance, belng primarily.

an inconvenience. 1In general, the curves for the two

speed ranges should be extended so that they overlap.

A good example of the usefulness 6f combining re—
slstance and porpoising data in one chart 1s presented
by the planing~range chart for the XPB3M-1 (fig. €b),
Here 1t wlll be seen that the resistance data extend =
long way into the range of unstable trim angles, showing
that a good many unneceseary data were obtalned 1In the
goneral resistance tests. If the reslstance tests had
been mnade after, or, better still, in conJunction wilth,
the porpolsing tests, it is clear that time could have
been saved or more complete information obtalned for the
usoful range.

A study of the scatter of the test polnts on the
various charts indicates gsatisfactory accuracy wherever
the relationshlps may be expected to apply. The scatter
of polnts ls somewhat greater 1n the displacement range,
as compared with the planing range, This probadbly is due
to the greater llkellhood of systematlc departures attrib-
utable to variations of shape, rather than to greater ex-—
perimental errors in this range, In both ranges, the maan
curves ordinarilly will be better than the mean curves
drawn in conventlonal charts by virtue of the greater nun—
ber of tests pointe on which they are based,

This last suggests that the methods constitute a
useful meansg of falring data, even though the data are
eventually reported on more conventional charts,

CONCLUDING REKARKS

In considering means for condensing the date from
"general! resistance tests, it 1s not supposed that use
of these means, or even of the method of general re-
slstance testing itself, will ever completely eliminate
the need for "gpecific" tests and test reports, So much
is at stake in the development of a large modern flying
boat that specific tests, particularly in the later

stages of designing, will undoubtedly be needed for some
tima to conme,
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It 18 believed, however, that the particular proce—
dures presented for condensing resistance data should bde
a Gefinite help to the designer, both by facllitating
eritical comparisons between different hull designs, and
by presenting the data in a convenient form for ready
roeference in studles of take—off performance. They are
of advantage to the testing establishment because, bdy
carefully selecting test points, the same ground ordi-
narily covered 1n general resilstance testing may be ex—
plored in less time.

Experimental Towing Tank,
Stevens Institute of Technology,
Hoboken, N.J., June 5, 1943.
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relationship will not completely collapse data in the plauing range. Data for lower values
of G5 than those that appear on the opposite page are included to emphasize this.
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CIRCLED NUMBERS INDICATE POINTS IDENTIFIED BY THE SAME NUMBERS ON F16. 3 {Scaie with 30%)
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SPEGIFIC RESISTANGE CURVE
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Figure 7.- This chart shows a specific resistance curve constructed from the two charts

opposite, for the indicated curves of Ca andT. The numbers in the circles on this:

chart are from the locations indicated by the same numbers on the opposite page, Fig. 8.
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- Figure 9.-This chart is included to
Cp=0028 o : illustrate that the planing=

0.055 + range relationship will bring out a
Ol a discontinuity clearly, and that it
0.166 o will successfully collapse planing-
0221 o range data even under such an extreme
0276 v condition as transferring the entire
0332 x load to the afterbody.
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